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Identification and Characterization of Alternative
Promoters of the Rice MAP Kinase Gene OsBWMK1

Sung Cheol Koo', Man Soo Choi*®, Hyun Jin Chun', Hyeong Cheol Park’, Chang Ho Kang®,
Sang In Shim', Jong Il Chung', Yong Hwa Cheong®, Sang Yeol Lee"?, Dae-Jin Yun"?, Woo Sik Chung'?,

Moo Je Cho', and Min Chul Kim'**

Our previous study suggested that OsBWMK1, a gene
which encodes a member of the rice MAP kinase family,
generates transcript variants which show distinct expres-
sion patterns in response to environmental stresses. The
transcript variants are generated by alternative splicing
and by use of alternative promoters. To test whether the
two alternative promoters, pOsBWMK1L (promoter for the
OsBWMK1L splice variant) and pOsBWMK1S (promoter
for the OsBWMK1S splice variant), are biologically func-
tional, we analyzed transgenic plants expressing GUS
fusion constructs for each promoter. Both pOsBWMK1L
and pOsBWMK1S are biologically active, although the
activity of pOsBWMK1S is lower than that of pOsBWMK1L.
Histochemical analysis revealed that pOsBWMK1L is con-
stitutively active in most tissues at various developmental
stages in rice and Arabidopsis, whereas pOsBWMK1S
activity is spatially and temporally restricted. Furthermore,
the expression of pOsBWMK1S::GUS was upregulated in
response to hydrogen peroxide, a plant defense signaling
molecule, in both plant species. These results suggest that
the differential expression of OsBWMK1 splice variants is
the result of alternative promoter usage and, moreover,
that the mechanisms controlling OsBWMK1 gene expres-
sion are conserved in both monocot and dicot plants.

INTRODUCTION

Mitogen-activated protein kinases (MAPKSs) play essential role
in plant responses to biotic and abiotic stresses. The rice
MAPK gene OsBWMK1 is induced by plant defense signaling
molecules as well as a fungal elicitor (Cheong et al., 2003).
Recently, we reported that OsBWMK transcript variants are
generated by alternative splicing as well as the use of different
transcriptional initiation sites (Koo et al., 2007). To date, many
novel rice MAPKs have been isolated and their biological roles
characterized (Agrawal et al., 2003; Fu et al., 2002; Huang et

al., 2002; Song et al., 2002). However, transcriptional regulation
of these genes is poorly understood.

The use of alternative first exons is one type of alternative
splicing that most eukaryotes use to generate several tran-
scripts from a single gene (Kazan, 2003; Kornblihtt, 2005;
Lareau et al., 2004). Alternative first exons can be produced by
alternative promoter usage. Frequently, alternative first exon
transcripts arising by alternative promoter usage differ only in
their 5-untranslated region (UTR), share the same open read-
ing frame, and produce identical proteins (Bonham et al., 2000;
Kimura et al., 2006). For example, mouse Bcl-X isoforms are
generated by alternative promoter usage (Viegas et al., 2004).
The use of five promoters (P1-P5) gives rise to at least five
mRNAs with different 5'-UTRs, all of which share the same
translation initiation site. However, some alternative first exon
transcripts contain different transcript start sites, which result in
protein isoforms with different N-termini. These protein isoforms
are localized to different subcellular compartments and, conse-
quently, do function differentially (Liang et al., 2006; Wang et al.,
2002; Yan et al., 2004).

To date, only a few studies have looked at alternative tran-
scripts in plants. SYN1 in Arabidopsis produces two transcripts
with different 5’ ends: one transcript begins within the first intron
of the other (Bai et al., 1999). In addition, the first intron of a rice
MADS-box gene, OsMADS1, mediates preferential expression
in flowers, whereas the 5'-upstream promoter region lacking
first intron caused expression in both vegetative and reproduc-
tive tissues (Jeon et al., 2008). Recently, a large scale study of
alternative first exons in rice and Arabidopsis discovered a
number of potential alternative first exon-containing-clusters,
which exhibit tissue- and/or development-specific transcription
(Chen et al., 2007; Kitagawa et al., 2005). However, little is
known about coupling mechanisms of alternative first exons
and alternative promoter usage in plants.

Here, we report the isolation and characterization of two al-
ternative promoters of the OsBWMK1 gene. The results of the
analysis of rice and Arabidopsis transgenic plants expressing
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GUS fusion constructs driven by the alternative promoters re-
vealed that these two alternative promoters are biologically
functional and are responsible for the distinct expression pat-
terns of the splice variants. Thus, the expression of OsBWMK1
may be regulated by alternative splicing coupled with the use of
alternative promoters.

MATERIALS AND METHODS

Plasmid construction

Two putative promoter regions of OsBWMK1, a 987 bp frag-
ment (pOsBWMKTL, from -987 to -1) and a 1251 bp fragment
(pOsBWMK1S, from -128 to +1123), were amplified by PCR.
Restriction sites, Smal/Ncol in the pOsBWMK1L fragment and
BamHI/Ncol in the pOsBWMK1S fragment, were incorporated
into primers to facilitate cloning. The amplified fragments were
cloned into the pBluescript SK vector and confirmed by se-
quencing. The 987 bp and 1251 bp fragments were cloned in
frame to the GUS report gene at the Smal/Ncol or BamHI/Ncol
restriction sites, respectively, of the pCAMBIA 1301 vector. All
clones were confirmed by sequencing. The constructs were
introduced into Agrobacterium tumefaciens strain GV3101 by
electroporation.

Transformation of rice and Arabidopsis

Rice calli (Oryza sativa L. cv. Dongjin) were transformed by
Agrobacterium-mediated transformation as described by Lee et
al. (1999). More than 10 independent primary transgenic lines
were generated. T2 plant lines were used for analysis of re-
porter gene expression. Arabidopsis (ecotype Col-0) plants
were transformed by the floral dip method (Clough et al., 1998)
and transgenic seedlings were selected on MS medium con-
taining 30 pg/ml hygromycin. More than 10 independent pri-
mary transgenic lines were generated. T3 plants were used for
analysis of reporter gene expression.

Histochemical B-glucuronidase (GUS) staining

The GUS activity of transgenic T3 Arabidopsis plants and T2
rice plants was analyzed by histochemical staining using 5-
bromo-4-chloro-3-indolyl glucuronic acid (X-gluc) as described
by Jefferson et al. (1987). Briefly, whole plants at various
stages were immersed in an X-gluc solution (1 mM X-gluc, 50
mM sodium phosphate (pH 7.0), 0.1% Triton X-100), and after
applying vacuum for 5 min, were incubated at 37°C until satis-
factory staining was observed. For better visualization of
stained tissue, samples were rinsed, at room temperature, with
an ethanol series for at least 1 h to remove chlorophyll, and
then mounted for microscopy.

Quantitative GUS assay

A fluorometric GUS assay was performed using 4-methylum-
belliferyl B-D-glucuronide (MUG) as a substrate, as described
by Jefferson et al. (1987). Two-week-old transgenic Arabidop-
sis plants and 4-week-old transgenic rice plants were used for
the GUS assay. Crude protein extracts were prepared by grind-
ing samples in extraction buffer (50 mM sodium phosphate (pH
7.0), 1 mM EDTA, 10 mM B-mercaptoethanol) containing 0.1%

Triton X-100, followed by centrifugation at 13,000 x g for 10 min.

The GUS activity in supernatants was measured in extraction
buffer containing 1 mM MUG. Reactions were stopped by the

addition of 0.2 M Na>CO; and fluorescence was then measured.

H-0, treatment
Detached leaves from transgenic rice plants expressing
pOsBWMK1L::GUS and pOsBWMK1S::GUS were incubated

in 10 mM MgCl, and 0.01% silwet L-77 with 2 mM H;O, as
described by Agrawal et al. (2000). After incubation for 3 h,
samples were frozen in liquid nitrogen and stored at -70°C.
Two-week-old transgenic Arabidopsis plants were infiltrated by
dipping in 10 mM MgCl, and 0.01% silwet L-77 with 2 mM HxO..
Three independent plants were harvested at the indicated
times (0, 2, 6 and 12 h), frozen in liquid nitrogen, and stored at -
70°C until used.

Western blot analysis

Crude protein extracts were isolated from transgenic rice plants
as previously described (Cheong et al., 2003) and separated by
10% SDS-PAGE. The pCAMBIA 1301 vector contains a GUS
reporter gene fused to a 6x His tag and a commercial anti-His-
HRP antibody (Abcam) was used to detect GUS expression.
Western blot analysis was performed as described by Koo et al.
(2007).

Northern blot analysis

Total RNA was isolated from transgenic Arabidopsis plants as
described by Cheong et al. (2003), and 20 pg of total RNA was
subjected to electrophoresis through a 1.5% (w/v) formalde-
hyde agarose gel and transferred onto a nylon membrane (Hy-
bond-N*, Amersham). The membrane was hybridized to a *P-
labeled full-length GUS probe. Hybridization was carried out at
65°C for 18 h in Church’s buffer (1% BSA, 1 mM EDTA, 0.5 M
NaHPO, (pH 7.2), 7% SDS). The membrane was washed in
0.1x SSC, 0.1% SDS at 50°C and exposed to X-ray film (Ko-
dak).

RESULTS

Identification of two alternative promoters of the
OsBWMK1 gene

We have previously shown that three transcript variants (named
OsBWMK1L, OsBWMK1M and OsBWMK1S) are generated
from the OsBWMK1 gene by altemative splicing events. Expres-
sion of the OsBWMK1M and OsBWMK1S transcripts is induc-
ible in response to plant defense signaling molecules, such as
hydrogen peroxide (H.0.), salicylic acid (SA), and jasmonic
acid (JA), while expression of OsBWMKTL is constitutive (Koo
et al., 2007). Moreover, the differential expression patterns of
the OsBWMKT1 transcript variants may be due to the utilization
of two alternative promoters: one may be responsible for consti-
tutive expression of OsBWMK1L and the other for inducible
expression of OsBWMK1M and OsBWMK1S. As a result of
alternative splicing, OsBWMK1S has an alternative translation
start site at nucleotide position +1124, corresponding to exon 2
of the OsBWMK1 gene. To test whether the region upstream of
the alternative translation start site of OsBWMK1S, which in-
cludes part of the 5 untranslated region (UTR), exon 1, and in-
tron 1 of OsBWMKT, regulates gene expression, we cloned ap-
proximately 1 kb up-stream of the translation start sites of the
OsBWMK1L and OsBWMK1S splice variants using genomic
PCR. The PCR fragments were designated pOsBWMKTL (Pro-
moter for OsBWMK1L; GenBank accession number, FJ628390)
and pOsBWMK1S (Promoter for OsBWMK1S; GenBank acces-
sion number, FJ628391), respectively (Fig. 1). Our previous
study suggested that OsBWMK1M and OsBWMK1S are gener-
ated by the same promoter and OsBWMK1M then undergoes
further alterative splicing (Koo et al., 2007). The cloned pro-
moter region for OsBWMK1L contains 987 bp of the 5'-upstream
region and that for OsBWMK1S consists of 128 bp of the 5'-
UTR, exon 1, and intron 1 of OsBWMK1 (Fig. 1). To test
whether the cloned pOsBWMK1L and pOsBWMK1S fragments
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Fig. 1. Schematic representation of GUS fusion
constructs carrying putative promoter regions of the
OsBWMKT transcript variants. Genomic structure
and two transcript variants of the OsBWMK1 gene
are shown. The numbering of the nucleotides is
based on the first translation start site in Os
BWMK1 (numbered +1). The transcriptional start
sites (TS) and translation start codons (ATG) of the
OsBWMKT1L and OsBWMK1S transcripts are
marked. The scale bar is 0.1 kb. The 987 bp up-
stream region pOsBWMK1L and the 1251 bp up-
stream region pOsBWMK1S, which consists of

5'-UTR sequence (gray box), exon 1 (black box) and intron 1 (white box) were each fused to GUS gene constructs.

Fig. 2. GUS activity of the two putative pro-
moter regions of OsBWMK1 in transgenic
rice and Arabidopsis plants. (A) Western blot
analysis of pOsBWMKT1L::GUS and pOs
BWMK1S::GUS expression in T2 transgenic
rice plants. (B) Fluorometric GUS enzyme
assay. GUS enzyme activity was measured
in leaves of 2-week-old T2 transgenic rice
plants (line 7 for pOsBWMK1L::GUS and
line 15 for pOsBWMK1L::GUS) expressing
pOsBWMKT1L::GUS or pOs BWMK1S::GUS.

M

(C) Northern blot analysis of pPOsBWMKTL::

~GUS GUS and pOsBWMK1S::GUS transgenic
Arabidopsis plants. GUS expression in tran-
sgenic lines (T2) was detected by Northern
blotting. (D) GUS enzyme activity was
measured fluorometrically in 2-week-old tran-
sgenic Arabidopsis seedlings (T3).
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can function as promoters, we fused these two fragments to the
GUS reporter gene to generate pOsBWMK1L:GUS and
pOsBWMK1S::GUS (Fig. 1).

Generation of transgenic rice and Arabidopsis plants
expressing the pOsBWMK1L::GUS and
pOsBWMK1S::GUS constructs

Two GUS fusion constructs, pOsBWMK1L::GUS and pOs
BWMK1S::GUS, were introduced into rice embryogenic calli by
Agrobacterium-mediated transformation. Hygromycin-resistant
transgenic rice lines were further selected by Northern blot
analysis using GUS as a probe to isolate transgenic rice lines
showing the highest expression of GUS. Two independent T2
lines were selected for each construct (data not shown). The
expression patterns of pOsBWMK1L::GUS and pOsBWMK1S::
GUS were further analyzed by Western blot analysis using anti-
His-HRP to confirm the stable accumulation of GUS protein,
which is fused in-frame to a 6x His tag, and driven by either
pOsBWMK1L or pOsBWMK1S. As shown in Fig. 2A, the anti-
body strongly cross-reacted with a band corresponding to the
expected molecular weight (70.5 kDa) of the fusion protein in
pOsBWMK1L::GUS transgenic rice plants. Although the signal

pOSBWMKIL pOsBWMK1S
LGUS "

NGUS

was weak, we were able to see the accumulation of GUS in
pOsBWMK1S::GUS transgenic rice plants at the same position,
indicating that pOsBWMK1L is more active than pOsBWMK1S.
In pOsBWMK1S::GUS transgenic rice plants, the antibody
cross-reacted with higher molecular weight proteins migrating
between 83 and 175 kDa. These bands may be due to enrich-
ment of nonspecific proteins during the preparation of crude
protein from pOsBWMK1S::GUS transgenic rice plants or to
the formation of GUS multimers. The Western blotting results
indicate that both pOsBWMK1L and pOsBWMK1S are suffi-
cient to drive expression of the downstream GUS gene (Fig.
2A). Quantitative assessment of the activities of the two pro-
moter fusions using a fluorometric GUS assay revealed that
pOsBWMK1L was approximately 6-fold more active than pOs
BWMK1S in transgenic rice plants (Fig. 2B) and these differen-
tial promoter activities of pPOsBWMK1L and pOsBWMK1S are
consistent with the different transcript levels of OsBWMK1L and
OsBWMK1S splice variants in rice plants determined by RT-
PCR analysis in our previous report (Koo et al., 2007).

We introduced the pOsBWMK1L::GUS and pOsBWMK1S::
GUS constructs into Arabidopsis plants to examine whether the
rice promoters are functional in a heterologous dicotyledonous
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plants. The GUS activity of wild-type
(WT, A-G), pOsBWMK1L::GUS (H-
N), and pOsBWMK1S::GUS (O-U) in
various tissues of the transgenic rice
plants at different developmental
stages was analyzed. (A, H, and O),
the apical region of the primary root
3 days post-germination. (B, I, and
P), roots at 2 weeks postgermina-
tion. (C, J, and Q), leaves at 2 weeks
post-germination. (D, K, and R),
trichomes in the leaf sheathes (LS)
at 2 weeks post-germination. (E, L,
and S), mature spikelets before an-
thesis at flowering. (F, M, and T),
stigmas and styles of the pistils at

flowering. (G, N, and U), anthers and filaments of the stamens at flowering. The scale bars indicate 500 pm.

system. Northern blot analysis indicated that the promoter activ-
ity of pOsBWMKTL is stronger than that of pOsBWMK1S in
Arabidopis (Fig. 2C), similar to the trends observed in rice. A
quantitative GUS assay conducted with T3 lines of pOs
BWMK1L::GUS and pOsBWMK1S::GUS transgenic Arabidop-
sis plants exhibiting the strongest GUS expression revealed
that pOsBWMKTL is approximately 25-fold more active than
pOsBWMK1S in Arabidopsis (Fig. 2D). Although the relative
expression levels of pOsBWMK1L::GUS and pOsBWMK1S::
GUS differ in transgenic rice and Arabidopsis plants, the rela-
tive trends in promoter activity were well conserved in mono-
and dicotyledonous plant species. Taken together, these re-
sults suggest not only that both pOsBWMK1L and pOs
BWMK1S are functionally active promoters, but also that the
regulatory mechanism for the activities of pOsBWMK1L and
pOsBWMK1S are well conserved between mono- and dicoty-
ledonous species.

Spatial and temporal expression patterns of pOsBWMK1L::
GUS and pOsBWMK1S::GUS in transgenic rice and
Arabidopsis plants

To determine the spatial and temporal expression patterns of
pOsBWMK1L::GUS and pOsBWMK1S::GUS, we examined
GUS staining in various tissues at different developmental
stages in 3-day-old, 2-week-old, and flowering transgenic rice
plants (Fig. 3). In pOsBWMK1L::GUS plants GUS activity was
detected at high levels in most tissues regardless of develop-
mental stage (Figs. 3H-3N). In contrast, we observed highly
localized and weak GUS staining in particular developmental
stages in pOsBWMK1S::GUS plants (Figs. 30-3U). Wild-type
rice plants did not exhibit any background GUS staining (Figs.
3A-3G). In the vegetative stages, pOsBWMK1S::GUS activity
was only weakly detected in the leaves and trichomes of 2-
week-old transgenic plants (Figs. 3Q and 3R), while strong
pOsBWMK1L::GUS activity was detected in roots, leaves, and
trichomes (Figs. 3H-3K). In the reproductive organs, pOs
BWMK1L::GUS expression was broadly distributed, being ob-
served in the lemma, palea, veins of the spikelets, and the
lower parts of styles and anthers (Figs. 3L-3N). In contrast,
pOsBWMK1S::GUS expression was only detected in the male
and female reproductive organs, especially in the upper parts of
the styles and the filaments of the stamens (Figs. 3S-3U).
These results indicate that the two alternative promoters of the

OsBWMK1 gene control the distinctive expression of Os
BWMK1L and OsBWMK1S, not only determining the transcript
levels, but also the spatial and temporal expression patterns.

The expression patterns of pOsBWMK1L::GUS and pOs
BWMK1S::GUS in transgenic Arabidopsis plants were similar
to those observed in transgenic rice plants (Fig. 4). In the vege-
tative stage, strong GUS staining was observed in most organs
of pOsBWMK1L::GUS Arabidopsis plants (Figs. 4E-4G). How-
ever, GUS staining in the vegetative tissues of pOsBWMK1S::
GUS Arabidopsis plants was only detected in the trichomes (Figs.
41-4L). Wild-type Arabidopsis plants did not exhibit GUS staining
(Figs. 4A-4D). In the reproductive organs, pOsBWMK1L::GUS
expression was evident in stigmas, filaments, and the vascula-
ture of the sepals and pedicels (Fig. 4H), but pPOsBWMK1S::
GUS expression was only detected in anthers (Fig. 4L). These
results suggest that the regulatory mechanisms controlling the
expression patterns of pOsBWMK1L::GUS and pOsBWMK1S::
GUS is highly conserved between Arabidopsis and rice. How-
ever, the control of the spatial expression of pOsBWMKTL::
GUS and pOsBWMK1S::GUS in floral organs may be distinct
between mono- and dicotyledonous species.

Differential regulation of pOsBWMK1L and pOsBWMK1S
activity in response to H,O>

Our previous report indicated that gene expression of the
OsBWMK1S splice variant is highly inducible in response to
fungal elicitor, plant defense signaling molecules (H20., SA, JA)
and salt stress, while expression of the OsBWMKTL splice
variant is constitutive (Koo et al., 2007). To examine whether the
two alternative promoters of OsBWMKT react differently to envi-
ronmental stresses, we treated transgenic rice and Arabidopsis
plants expressing pOsBWMK1L::GUS and pOsBWMK1S::GUS
with H.O,. As shown in Fig. 5A, GUS activity driven by pOs
BWMK1S in rice transgenic plants was significantly upregulated
(about 1.3 fold) in response to H,O, (Student’s ttest, P < 0.05).
The activity of pOsBWMK1L was not affected by H,O, treat-
ment. We also consistently observed an upregulation in
pOsBWMK1S::GUS expression in response to HxO, in trans-
genic Arabidopsis plants (Fig. 5B). Expression of pOs
BWMK1S::GUS was increased by approximately 1.9 fold in
response to H,O,, while pOsBWMK1L::GUS expression was
unaltered. These results are consistent with our previous study,
which revealed that OsBWMK1S was upregulated by various
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stressors, but OsBWMK1L was abundantly and constitutively
expressed (Koo et al., 2007).

DISCUSSION

We showed previously that alternative splicing of OsBWMK1
generates three different transcripts that produce proteins with
different subcelluar localizations (Koo et al., 2007). Moreover,
these transcript variants use different translation start sites and
the expression patterns of the transcripts are distinct, suggest-
ing that the expression of alternative splice variants of Os
BWMK1 gene can be differentially regulated by alternative
promoters. To test this hypothesis, we characterized the 5'-
upstream regions of the OsBWMK1L and OsBWMK1S tran-
scripts using transgenic rice and Arabidopsis plants carrying
GUS fusions to the putative promoter regions. The expression
analysis showed that two upstream regions (pOsBWMK1L and
pOsBWMK1S) of the gene exhibit biologically active promoter
functions in both transgenic rice and Arabidposis plants, sug-
gesting that OsBWMKT1 transcript variants are generated by
using different promoters as well as by alternative splicing
events. Many eukaryotic genes contain multiple promoters.
Each promoter determines a specific transcription start site and
first exon, and, consequently, generates a different transcript.
Generation of alternative transcripts by the use of multiple pro-
moters is an additional way to create regulatory diversity and
provides a mechanism to coordinate the synthesis of function-
ally related proteins that must act together to mediate a certain
biological response (Morello et al., 2002; Parsley et al., 2006;
Qi et al., 2007).

The distinct expression patterns of the OsBWMK1L and
OsBWMK1S transcripts, as well as the pOsBWMK1L::GUS
and pOsBWMK1S::GUS constructs, prompted us to analyze
the nucleotide sequences of both promoters. Sequence analy-
sis of the pOsBWMK1L and pOsBWMK1S promoters using the
PlantCARE software (Lescot et al., 2002) revealed that pOs
BWMKTL contains a TATA rich region, which is a known tran-
scriptional enhancer, and is consistent with the constitutively
active expression patterns of both the OsBWMKTL transcript
and pOsBWMK1L::GUS (Fig. 6). In addition, the pOsBWMK1S
promoter contains several interesting putative cis-acting ele-
ments which are responsive to biotic stress, including a W-box
and a CGTCA-element (a methyl jasmonate (MeJA) response
element). The W-box motif containing the core nucleotide se-
quence TGAC has been identified as a binding site of the plant
specific WRKY transcription factors (Eulgem et al., 1999). The
expression of WRKY is induced by several plant defense sig-

GUS activity in pOsBWMKT1L::GUS
and pOsBWMK1S::GUS trangenic
Arabidopsis plants. The GUS activ-
ity of wild-type (WT, A-D), pOs
BWMK1L::GUS (E-H) and pOs
BWMK1S::GUS (I-L) in various
tissues of the transgenic Arabidop-
sis plants at different developmen-
tal stages was analyzed. (A, E, and
I), whole plants at 3 days post-
germina-tion. (B, F, and J), leaves
at 2 weeks post-germination. (C, G,
and K), roots at 2 weeks post-
germination. (D, H, and L), mature
flowers.
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Fig. 5. Effect of H,O, on expression of pOsBWMK1L::GUS and
pOsBWMK1S::GUS in transgenic rice and Arabidopsis plants. (A)
The GUS activity of pOsBWMK1L::GUS and pOsBWMK1S::GUS
transgenic rice plants in response to H,O, determined in three in-
dependent lines by fluorometric analysis. The asterisk indicates a
significant difference (Student’s t-test, P < 0.05) compared to un-
treated controls (0 h). (B) Northern blot analysis of GUS expression
in pOsBWMK1L::GUS and pOsBWMK1S::GUS transgenic Arabi-
dopsis plants in response to H,O,. Total RNA was isolated from
whole plants treated with H,O, for the indicated times (0, 2, 6, 12 h).
GUS expression was analyzed by Northern blotting with a GUS-
specific probe.

naling molecules such as MeJA, SA, and ethylene, as well as
wounding and pathogen infection, suggesting that WRKY might
participate in plant defense signaling against pathogens (Asai
et al., 2002; Eulgem et al., 2007; Johnson et al., 2002; Liu et al.,
2007). We demonstrated previously that the expression of the
OsBWMK1S transcript is induced by plant stressors such as
fungal elicitor, H,O,, SA, JA, and NaCl in rice (Koo et al., 2007).
In agreement with these previous results, only the activity of
pOsBWMK1S was increased by H,O, treatment, in both rice
and Arabidopsis plants. Thus, an interaction between a W-box
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=867 CATAGTTGAG ACCAAATCGT ACGTGCAGGG CAGATTCGGC CATAACTTTC ACACAATTGG AGTACAGTAC AGCCGTGCAT GCAAATGAAG TAGGAGTAAG TCTTGTCCAC ATCGTACTAA

GGGATTTCCC TGCTGCTTCC TTTGATGGCA AGATGGARAC CGGCCGGTGC ACCGTTTTCC TTCCAGATTT GCACGTACCA CCACCCACTT
AARTTAATTT TTATTTCTTA ATARACCGTT TTAGTATTAC TAGARARTAT GGGTAATCGA TGAGGCTATA ACCTAATACA ARATGTCTTA
CARTGTGTTA TATTTTATAG ATTAGTTTTC TATTATTTTT TCTGTTTTAT AATATATATA TATATATATA TATATATATA TATATATATA
GCTAGAARAT ATTATAATAT GAAATAGGGG GAGTACGCGG CAGACGGGGA GGAGAAAAAA AAATCGGTCA CTAATCAGAA GEATARGACG
TATA box
ACCACCACCA CCATCGCTTT CTTCCTCCTC GCCTTCTGCT TCTGCATCCA TCCATCCATC CATTACTCGC CGAAGACTTC GCGCGGGGAG
GGARGAARGG TCCGAGCTITG GAAGEAGAAG AAGARGTAGC CAAGAACGCG AGAGCTTGGA AGGCGAGCTG CGGTGGTGTA GCTAGCCAAT

A-element
3

-868

=748

-628

-508

-388

-268

-148

-28

pOsBWMK1S

-8

353

473

593

713

833

953

=128 GCGGGAACGC GGGAAGAAAG GTCCGAGCTT

GGAGGGGGAT GGGGGGAGGG GGCACGCTCG

TCGAGGTCGC CGACGACCCG GATCTCGTCG

GTGTGCTTTG CTTTGCTTCG TTTTCTTTTC

CACCTGAATT ACTTGCATAC TGTACAATAT

CGATGGTTGC TTGTAGAGCG ATAGTTGCTT

TTTCTTTCTT TCTCTGTTTG CTTAGTTCTG

CTCAACAATT GGTCCCATCA TCCTTGTCAT

ACTTGGTCTG GCCTATGTAT ATCTCTGGTA

ACTGAAAATG TCAATTTTTG TTAGGTTGGT

TATA box

ssm:@l'_@mms CCAAGAACGC GAGAGCTTGG AAGGCGAGCT GCGGTGGTGT AGCTAGCCAA TGCCGGCGGG GAACTGGTAG
-element

TCGACGGATT CCGCCGCCTC TTCCACCGCC GCACGGCGTC CGGCTCCAAC CAGTCGTCCA ACGCCGGCGA GGAGGCCGCC TCCTCCGACT
CCCTCCGCTC CATCCGCATC CGCGTGCCCA AGCGCAAGAT GCCTCTCCCC GTCGAGAGCC ACAAGAAGGT GAGGAGGTGC CTAGTGTGAA
AGTTTGGGGG TGARATGAAA GTTTCAGGCT TTCTCGTGAT CCTTGATTCG TGGCCACGAG GGGTTCTTAG ACTAGATCAG ATCTTCGTGG
CATTATTTCT TTTTTTCTAT GATCTGTGCA AAGTGCAATA CAGCTCAAGT GCAGGTARAG CTTGCGTGTT CTATCCAATC TTTCTTCTTT
GTARACTGCC ATCCGATHEE TCATCCTGGC TGETGACATG TGTTATTCCA GTGATCTATG ARACGATCGA TCTCGTAARA CTTRAGTTTC

CGTCA-motif W-box

RAATTACTTG CTCCTGCATG CTCCATTTCT TAGAGGAGTG CAATTGCAGC ACTACTATGC RAAARGCTTG TGCCCTCTTT TGGAGCTGTT
ACTGATCCTT AGGAGCTCAT ATCCARGTTG TCCACTTGTG GTTTTGGATG ATCTCATCAG AATCGGCTAC TAATTAGTAC TCCAGGTTTG
CGGACTGTTT CTATTGGGAA CAAGTCGCGT CTTGCACATG GTATGGAGCA GGTGTTCCTT TCATTTGCGA ATARACCTAC ATGTCTATGT

CATGATATTC CCAGGGACAA GATCATGGTT TTGTTTATAG GGCTATTCTA CTACTGAAGA AGTTTTATAAR CCAGCCACTC TGTATTTTTA

1073 GTTAGCTIAR THITTTCTTG CAAAATTGTG ATCTTGTAGA ACACAGTGGA AATG 1126

1072

Fig. 6. The nucleotide sequences of the two alternative promoters of the OsBWMK1 gene showing putative cis-acting elements. Potential cis-
acting elements predicted by PlantCARE are boxed in both the pOsBWMK1L and pOsBWMK1S promoters. A TATA box, TATA rich region
(enhancer element), TCA-element (SA responsive element), CGTCA-motif (MeJA responsive element), and W-Box (WRKY binding element)

are indicated.

motif in pOsBWMK1S and a WRKY transcription factor may
play a role in stress-induced OsBWMK'1S expression in rice. In
both transgenic rice and Arabidopsis, pOsBWMK1S::GUS is
strongly expressed in trichomes, which frequently function as
the first line of defense against pathogen attack, either by
inducing spatial hindrance or physical entrapment, or by secret-
ing toxic or behavior-modifying chemicals (Li et al., 2004; Wag-
ner et al., 2004). Moreover, such trichome-based defenses play
an important role in the development of sustainable pest control
strategies (Lewis et al., 1997).

There are very few examples of monocot promoters that are
also functional in dicots (lwamoto et al., 2004; Liu et al., 2003;
Tittarelli et al., 2007). Our results demonstrate that the expres-
sion patterns of two alternative promoters of OsBWMK1 are
highly conserved in both rice and Arabidopsis, suggesting that
the regulatory mechanism of MAP kinase transcription may be
conserved between monocot and dicot plant species.

In this report, we have shown that two alternative promoters
of OsBWMKT play different roles in controlling the level of tran-
scription and in the disparate spatial and temporal expression
patterns of OsBWMK1 expression in rice and Arabidopsis,
which is consistent with the presence of a distinct set of cis-
acting elements in these two promoters. The results suggest
that expression of OsBWMK1 transcripts could be regulated by
different sets of transcriptional apparati in response to different
environmental conditions. Identifying the regulatory compo-
nent(s) involved in the inducible expression of the OsBWMK1S
splice variant will provide new insights of MAPK-mediated de-
fense signaling cascades in plants.
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